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Abstract 
Geochemical monitoring is an essential component of a suite of monitoring technologies designed to evaluate CO2 
mass balance and detect possible loss of containment at the FutureGen 2.0 geologic sequestration site near 
Jacksonville, IL.  This presentation gives an overview of the potential geochemical approaches and tracer 
technologies that were considered, and describes the evaluation process by which the most cost-effective and robust 
of these were selected for implementation. 
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1. Introduction 
The advancement of carbon capture and storage (CCS) technology shows promise for addressing carbon dioxide 
(CO2) emissions and global climate change concerns.  The objectives of the FutureGen 2.0 project are to 
demonstrate, at the utility-scale, the technical feasibility of implementing carbon capture and storage in a deep saline 
reservoir [1,2].  Implementation of the FutureGen 2.0 project supports these objectives.  In cooperation with the U.S. 
Department of Energy (DOE), the FutureGen 2.0 project partners—the FutureGen Industrial Alliance, Inc. 
(Alliance)—will repower a previously retired oil-fired power plant in Meredosia, Illinois, with oxy-combustion 
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technology to capture approximately 1.1 million metric tons (MMT) of CO2 each year, which is more than 90 
percent of the plant’s carbon emissions.  Other emissions, such as sulfur oxides, nitrogen oxides, and mercury, will 
be reduced to near-zero levels.  Using safe and proven pipeline technology, the CO2 will be transported 
approximately 45 km to the storage site near Jacksonville, Illinois, and injected into a deep saline reservoir (~ 1,200 
m below ground surface) through a network of horizontal injection wells.   
To assess storage site performance and meet the regulatory requirements of the Class VI Underground Injection 
Control (UIC) Program for CO2 Geologic Sequestration, a monitoring program must be designed and implemented 
that can track and account for the mass of CO2 injected [3].  This paper provides an overview of the potential 
geochemical approaches and tracer technologies that were considered, and describes the evaluation process by which 
the most cost-effective and robust of these were selected for implementation by the FutureGen 2.0 project.  
2. Conceptual Approach 
As described in Vermeul et al. [3], monitoring typically operates in two distinct modes—detection and 
assessment.  The primary goals of detection mode are to follow the progress of the injection plume and to identify 
whether or not a leak is occurring.  Secondary goals are to identify any leakage as early as possible in the process 
and at minimal cost.  The primary goals of assessment mode, on the other hand, are to determine the size of a leak 
and to support any required mitigation efforts.   
Geochemical monitoring involves spatially and temporally resolved measurement of chemical parameters that 
directly or indirectly indicate the local influence or presence of the injected CO2 in the aqueous or gas phase 
surrounding the injection zone.  Any indicators of brine migration present in aqueous phase monitoring are also of 
interest.  Because of the relatively small subsurface volumes they can economically access, geochemical monitoring 
technologies are generally of limited use in detection-mode monitoring.  In assessment-mode monitoring, however, 
geochemical monitoring is essential.   
Examples of the types of geochemical parameters measured in the aqueous phase include pH, specific 
conductance, and concentrations of solutes such as inorganic carbon and trace-metals.  Parameters measured in the 
gas phase, which encompasses gas present in soil pores, the near-surface atmosphere, and dissolved in surface water 
or groundwater, include the concentrations and isotopic signatures of CO2, oxygen (O2), methane (CH4), and any 
tracer gases co-injected with the CO2.  The main focus of this paper is on geochemical monitoring of aquifers and 
soil-gas, but the conclusions also apply generally to geochemical monitoring of surface waters and the atmosphere. 
Two general approaches can be taken in geochemical monitoring.  The first involves measurements of intrinsic 
geochemical signals, such as changes in pH and dissolved metals in the aqueous phase and changes in the relative 
compositions, both chemical and isotopic, of metabolic soil gases.  This approach relies on chemical interactions 
between the stored CO2 and the subsurface or on innate differences in the isotopic chemistry of stored and natural 
CO2, to produce changes in the composition of aquifers and gases that can be interpreted as leakage signals.  The 
second approach involves the co-injection of a tracer compound with the CO2 and subsequent measurements to 
determine whether any of the tracer has leaked.  Initial leakage of CO2 could be inferred from the tracer results, and 
subsequently verified by direct measurements.  This approach, while seemingly more straightforward, assumes some 
knowledge of and consistency in the relative transport behavior of the tracer compound and the stored CO2.  In the 
following sections we discuss the concepts involved in both approaches, and then discuss how they might be 
implemented for monitoring of the aqueous and gaseous phases of the subsurface. 
3. Aqueous-Phase Monitoring 
If any unforeseen leakage of CO2 or brine from the injection zone were to occur, the first monitoring interval 
affected would be the aquifer located directly above the primary confining zone (Ironton Sandstone).  Although 
initial detection would likely be based on changes in observed pressure response, aqueous geochemical monitoring 
would help confirm the leak and constrain the estimates of its size during the leak assessment stage.  In this section 
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we discuss the intrinsic geochemical signals initiated by such a leak as well as the types of co-injected tracers that 
may be employed.   
3.1. Intrinsic Signals 
The types of intrinsic geochemical signals generated by the release of CO2 from the storage zone into aquifers 
above the confining zone include changes in the chemical and isotopic composition of the groundwater.  Chemical 
changes include increases in the concentrations of total dissolved solids (TDS), dissolved trace metals and organic 
compounds, dissolved noble gases, and carbonate species, as well as a decrease in the pH.  A shift in the redox 
potential towards more oxic values would also be expected due to the entrainment of oxygen with the CO2 injected.  
If the release also (or instead) involves leakage of saline reservoir fluids from the storage zone, increases in the 
concentrations of sodium and chloride will occur if ambient salinity in the injection zone is appreciably higher than 
that in zone immediately above the confining layer (i.e., the ACZ).  If the release involves the migration of free-
phase CO2 (i.e., CO2 not dissolved in aquifer fluids) into the ACZ a decrease in specific conductivity would be 
observed due to the displacement of the water.  Thus, with the exception of the redox potential and dissolved noble 
gases, all of these chemical signals should alter the specific conductivity of the aquifer, and this simple 
measurement, which can be performed on small sample sizes, provides a robust and sensitive indicator of whether or 
not leakage has occurred.  Compositional measurements of aquifer fluids for trace metals, dissolved noble gases, 
carbonates, pH, redox potential, sodium and chloride ions serve as confirmatory information useful during the 
assessment stage of monitoring.   
Isotopic changes rely primarily on differences between the isotopic composition of carbon (14C, 13C, and 12C) 
present in the injectate and the pre-existing carbon in the ACZ fluids.  Isotopic measurements of other nuclides such 
as oxygen (18O, 16O) can also be of value, particularly when entrained O2 is present in the injectate.  Isotopic shifts 
in noble-gas composition (e.g., 3He/4He, 20Ne/22Ne, 21Ne/22Ne, 38Ar/40Ar) also occur in response to the release of 
radiogenic isotopes (4He, 21Ne, 22Ne, and 40Ar) trapped in minerals that are subsequently dissolved by contact with 
CO2.  Recently, field measurements of 13C/12C ratios in CO2 and CH4 isolated from groundwater or in soil-gas have 
become practical with the advent of off-axis integrated cavity output laser spectrometers [4,5] and there is some 
hope that the sensitivity can be enhanced to allow 14C/12C ratios to be determined in the field as well [6].  Ambient 
differences in the carbon isotopic composition between the injection and ACZ fluids, and that of the CO2 injection 
stream, may provide an isotopic signature that could be used as an indicator of the presence of injected CO2. 
3.2. Co-injected Aqueous Tracers 
Two major classes of aqueous tracers, hydrophobic and hydrophilic, can be co-injected with CO2.  The 
hydrophobic tracers are generally perfluorinated compounds such as perfluoro-1,2-dimethylcyclohexane (PDCH), 
perfluorotrimethyl-cyclohexane (PTCH), and perfluorodimethylcyclobutane (PDCB).  Each of these perfluorinated 
tracer (PFT) compounds is highly soluble in supercritical CO2 and has been previously injected with CO2 in field 
studies [7-9].  Subsequent transport of CO2 and PFTs varies significantly, however, due to the widely disparate 
solubilities of these compounds in water.  In contrast to CO2 (and to the hydrophilic tracers), PFTs have very limited 
aqueous solubilities and rapidly partition into hydrophobic solid phases (e.g., coal seams, soil organic matter, very 
dry clay minerals) or into the gas phase at aqueous/gaseous phase boundaries.  Gas-phase partitioning of PFTs is 
generally helpful to monitoring, as it means that, in most instances, PFTs will provide an early warning signal [7, 10-
11].  Another class of hydrophobic tracers that have been used is SF6 and various substituted versions such as 
SF5CF3 [12].  These behave similarly to PFTs although they seem slightly less prone to interactions with sediment 
surfaces due to their compact size [11].  Intrinsic signals from trapped noble gases released by reaction of CO2 with 
minerals also provide early warning, so the main benefit to the use of PFTs or SF6 tracer compounds would be 
removal of any ambiguity with respect to the source of the leak. 
Because, like CO2, they are reasonably soluble in water, hydrophilic tracers avoid some of the differential 
transport issues associated with the hydrophobic tracers.  Examples of hydrophilic tracers include naphthalene 
sulfonates such as 2-naphthalene sulfonate, 2,7-naphthalene sulfonate, and 1,3,6-naphthalene trisulfonate [13], and 
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fluorinated benzoic acids such as pentafluorobenzoic acid (PFBA), 2,6-difluorobenzoic acid, and 2,3-
difluorobenzoic acid [14-15].  These tracers have limited volatility, and so are measured as aqueous constituents.  
However, they also have significantly greater affinities for hydrophobic solid phases than does CO2, and thus some 
transport retardation would be expected in sediments with high organic-matter contents. 
4. Gaseous-Phase Monitoring 
Although the solubility of CO2 in ground water is large compared to most gases, it is finite.  With continued 
leakage, saturation levels would be reached in the aquifers above the confining zone and a separate CO2-dominated 
gas phase could form.  Migration of this gas phase through soil pores and sediment fractures could eventually result 
in a change in gas-phase concentration near the surface.  It is the measurement of this primary signal (CO2 together 
with any co-injected tracer gases), as well as any secondary signals resulting from the influence of CO2 on other 
subsurface gas concentrations, that forms the focus of this section.   
Given that the subsurface is mostly saturated with water, subsurface gas-phase monitoring is largely confined to 
the top few meters of soil.  Our discussion thus centers on soil-gas measurements, although similar measurements 
can be made on gases exsolved from ground water.  And, as with the aqueous monitoring in Section 3, the 
discussion of gas-phase monitoring follows two major approaches: 1) measurement of intrinsic signals associated 
with a CO2 leakage response, and 2) measurement of concentrations of appropriate tracer-gases that would be co-
injected with the CO2. 
4.1. Intrinsic Signals 
The primary intrinsic signal comes from changes in the concentration and isotopic composition of CO2.  Isolation 
and measurement of this signal comes with many complications, however.  Typical instrumental measurement 
sensitivity is on the order of 0.1-1 ppmv, whereas background levels in the atmosphere are around 400 ppmv and 
have diurnal fluctuations of as much as 50 ppmv during the growing season when photosynthesis activity is high 
[16,17].  Concentrations of CO2 in soil gas range from ten to fifty times greater than those in the atmosphere due to 
respiration by soil microorganisms and plant roots and also exhibit a diurnal cycle.  Moreover, this large reservoir of 
CO2 in soil gas is also affected by wind, which exhibits a pumping action on the soil that can cause dramatic changes 
in CO2 levels, and the wind effect is further modified by the rainfall events that alter the connectivity of the air-filled 
pores in the soil [18,19].  Due to these relatively large fluctuations in background levels, only very large fluxes of 
CO2 are likely to be identified through direct measurements of CO2 concentrations in soil gas.   
Somewhat better success is possible using measurements of the isotopic composition of carbon in the CO2.  Due 
to cosmic radiation (and to the residue from atmospheric nuclear testing), about 1 carbon atom in a trillion 
atmospheric CO2 molecules is the radioactive 14C isotope.  This carbon decays at a half-life of about 5730 years such 
that CO2 derived from fossil sources (i.e., that which will be injected into the storage site) has essentially no 14C.  
Thus, measurements of the 14C/12C ratio in the CO2 in soil gas can indicate whether or not leakage from the storage 
site is occurring.  Instrumental sensitivity is about 1000 times better than the natural abundance, so that a change in 
14C/12C ratio of about 0.1% can be measured.  Unfortunately, CO2 in soil gas that is derived from fossil carbon 
deposits, rather than from combustion of fossil carbon fuel, is also essentially depleted in 14C, so an observation of a 
drop in the 14C/12C ratio still contains some ambiguity regarding the source.  Nevertheless, such an observation, 
particularly if a departure from an established baseline, strengthens the case for leakage and serves as the basis for 
more detailed measurements. 
Methane and other light hydrocarbons could be released if leaked CO2 displaces them from the porous subsurface 
matrix in which they are trapped.  For example, such a release would be likely to occur if, as it diffuses towards the 
surface, a plume of CO2 encounters a layer of coal.  Just as in production of natural gas from coal beds (i.e., coal-bed 
CH4), mass action would cause the CO2 to displace these light hydrocarbon gases and a rise in their concentration 
would be seen in the soil-gas prior to any increase in CO2 concentration.  Although suggestive of leakage, 
observations of increases in CH4 levels are further complicated by the presence of methanotropic and methanogenic 
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microbes in the soil and lower strata that can affect CH4 levels.  Although deeper strata tend to be methanogenic, 
soils act as CH4 sinks (i.e., are dominantly methanotropic) and, as a result, an increase in CH4 levels in soil gas, 
coupled with a subsequent decrease in the 14C/12C ratio in both CO2 and CH4, would be evidence of a leakage 
signature that would be sufficient to trigger further measurements.   
When CO2 dissolves in water, carbonic acid is produced that in turn reacts to dissolve simple oxides present in 
geologic materials.  These oxides typically contain some products of uranium decay and related secondary decay 
reactions, such as 4He (alpha particles), 21Ne, and 222Rn gas, that are trapped in the mineral lattice.  Dissolution of 
the lattice releases these noble gases.  Because these gases cannot react or be trapped, once freed from the oxide 
cages in which they were formed, they migrate readily in the subsurface.  As a consequence, if any unforeseen 
leakage through the primary confining zone does occur, these gases would be expected to migrate to shallower 
monitoring intervals (and could eventually reach the surface) ahead of (and/or along with) the CO2.  If, relative to 
baseline levels and background sites, an abnormally large concentration of 4He, 21Ne, or 222Rn is observed, CO2 
leakage is highly likely to be occurring in deeper strata.  The short half-life of 222Rn (3.8 d) limits its utility as an 
indicator of leakage to zones that are within a few weeks transit time of the sampling point. 
In contrast to monitoring of specific gas concentrations in isolation, metabolic mass-balance monitoring 
examines the concentration trends between metabolically related gases present at or near the surface.  The method 
assumes that there is a fixed inverse relationship between the concentration of O2 and the concentration of CO2 due 
to the consumption of O2 during respiration by organisms in the soil.  Increases in CO2 concentration due to 
organismal respiration are exactly matched by decreases in O2 concentration (Figure 1a ).  If, on the other hand, the 
CO2 concentration is increasing for any other reason and no metabolic consumption of O2 is occurring, then the 
concentration of O2 decreases by only one-fifth of the CO2 increase as expected for simple dilution.  A similar 
inverse relationship exists between non-metabolic gases such as N2 and Ar and CO2.  If CO2 concentrations increase 
due to metabolic activity (i.e., at the expense of O2), then the concentrations of N2 and Ar do not change (Figure 1b).  
Otherwise, they decrease in proportion to their initial concentration as expected for simple dilution.   
Just as O2 serves as a terminal electron receptor for aerobic respiration with the resultant production of CO2, CO2 
itself may be reduced to yield CH4 during methanogenic bacterial metabolism (the reverse occurs during 
methanotrophic bacterial metabolism).  Thus, a relationship between CO2 and CH4 similar to that for O2 and CO2 
shown in Figure 1a also exists, and monitoring of CH4, CO2 and O2 concentrations may prove useful for fine-grained 
soils where occasional anoxic conditions occur due to water saturation.  
Fig. 1.  Theoretical response curves for soil-gas concentrations of a) O2 and b) N2+Ar in response to different levels of CO2 generated by 
metabolic or dilution mechanisms.  Solid lines indicate the trends expected for metabolic production of CO2 at the expense of O2.  Dashed lines 
indicate the trends expected for a dilution mechanism produced by leakage of CO2 from the storage site. 
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In practice, metabolic mass-balance monitoring involves measuring the concentrations of at least three gases  
(CO2, O2 and a major non-metabolic gas such as N2 or Ar) on the same sample, and then repeating this measurement 
protocol at multiple points in time.  From the variations in concentrations of the three gases, response curves for O2 
and the non-metabolic gas relative to the concentration of CO2 are obtained.  Comparison with the theoretical 
response curves shown in Figure 1 indicates whether dilution or metabolism is the dominant mechanism in play.  If 
evidence suggests that dilution is the major mechanism, then leakage is probable and further investigation is needed.  
The metabolic-mass-balance approach was used successfully at the Weyburn injection site to help establish the 
metabolic provenance of the CO2 emissions measured there [20, Fig. 4-10]. 
4.2. Co-injected Gaseous Tracers 
In this section we focus on an “active” monitoring approach in which gaseous tracers are co-injected with CO2 
into the injection zone.  In addition to providing unambiguous identification of the source of a potential leak, the 
approach relies on the prospective tracers being reasonable proxies for CO2 in terms of their transport behavior in the 
subsurface.  In the next several paragraphs, we introduce the potential gaseous tracers considered and discuss their 
geochemical behavior and the analytical methods used to measure their concentration.   
Sulfur hexafluoride (SF6) is a conservative gaseous tracer [21] although Klusman [22] suggests it may not be 
completely conservative.  The ambient atmospheric concentration for SF6 is in the low part per trillion (ppt) range 
[23].  Due to the background level of SF6 being in the ppt range, large quantities will be needed to obtain the 
sensitivity required.  As a result, SF6 was the most expensive of the conservative gaseous tracers studied by Dietz in 
1986 [21].  In terms of environmental impact, SF6 is the most potent greenhouse gas evaluated by the 
Intergovernmental Panel on Climate Change (IPCC).  According to the IPCC, the 100-year global warming potential 
(GWP) for SF6 is 23,900 [24], meaning that, per unit mass, it is nearly 24,000 times more potent a greenhouse gas 
(GHG) than CO2. The GHG potency of SF6 means that it can only be injected at low levels and no substantial 
leakages can occur.   
Altering the ratios of 13CO2 to 12CO2 (δ-13CO2) in the injectate is an attractive option because of the high degree 
of mimicry that use of 13CO2 would afford.  However, detection of isotopically distinct CO2 is much less sensitive 
than for other tracers [23].  Background levels for 13CO2 in ambient conditions are approximately 1.0% of all CO2 or 
about 4 ppm [6,25].  As this background level is moderately high, a large quantity of 13CO2 would need to be 
injected in order to detect an anomalous δ-13CO2 near the surface after accounting for an estimated 2-3 orders of 
magnitude of dilution.  This isotopically distinct CO2 will be extremely expensive because of the large quantities 
needed.  We estimated that 570,000 L of 13CO2 would be needed to make the 13C/12C ratio distinct from the ambient 
ratio and, at about $100 per liter, the cost of implementation is prohibitive.  Environmental impact for this tracer 
would be the same as CO2 and, because it is a stable isotope, there is no concern about radiological hazards.   
In terms of stability and minimal environmental impact, noble gases are good options for tracers.  They are the 
most stable tracers, have relatively little interaction with aquifer solids, and are not greenhouse gases (i.e., their 
GWP = 0).  The atmospheric background levels for the noble gases are higher than some other tracers.  For a lower 
background level, specific isotopes with low natural abundance could be chosen.  However, availability of noble 
gases is fairly limited, especially for rare isotopes, and as a result, noble gases would not likely be readily available 
for commercial sized projects.  Associated with the low availability is their extremely high cost which makes their 
use as co-injected tracers largely impractical.   
Perfluorocarbon tracers (PFTs) are cycloalkanes with 4-6 member rings that are fully substituted with fluorine 
[26]. Like noble gases, perfluorocarbon tracers are chemically inert and have no biological effects [21,27]. With 
these properties, PFTs are highly stable compounds that will not be broken down in the subsurface and thus would 
be classified as conservative gaseous tracers.  The PFTs are less soluble in subsurface aqueous phases than CO2 
resulting generally in a faster transport time to the surface [7].  Although PFTs are less soluble in aqueous phases, 
they might have stronger surface interactions with soil, coal, or other subsurface strata resulting in the partial or 
complete delay of elution [28].   
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In terms of environmental impact, however, PFTs are potent greenhouse gases.  They have a GWP of 14,740 but 
they do not contribute to ozone depletion [26,28].  Watson and co-workers also indicate that although the 
environmental impact for PFTs is negligible at the current release rates, they should only be used for research 
purposes [26,28].  In a commercial sequestration project, PFT use raises the concern for accidental release of large 
quantities from pre-injection storage and handling which could cause significant environmental harm. Availability of 
PFTs for sequestration projects is high because only small amounts are needed to provide detectable levels in the 
plume.  For example, we estimate that about 0.5kg of PFT would be needed to label a CO2 plume at an injection rate 
of 1.3 Mt of CO2 per year. With the cost of PFTs being approximately $500 per kilogram, the annual cost for the 
tracer will be around $250.  Perfluorocarbon tracers have been the dominant tracer for a variety of applications 
during the past 30 years because of the small quantities required to show a significant difference from the ambient 
concentration. 
A major advantage of PFTs is the extremely low background and detection limits. The background levels for 
PFTs are dependent on the specific compound, but are generally in the low part per quadrillion range [21,26,28].  
Using gas chromatography with electron-capture detection (GC-ECD), the detection limits for PFTs are in the 
femtomole range or 10-15 Liter of tracer/Liter of air [7,21,26-28].  As with the other tracers, PFTs are usually 
sampled and pre-concentrated onto a solid adsorbent.  The adsorbent tubes are often placed 1-3 meters into the soil, 
and when used passively they can sample up to 200 mL per day [7,21,23]. With active sampling, the rate can be 
increased to 100 mL per minute [27]. 
Another possible isotopomer of CO2 is radioactive 14CO2.  Carbon-14 is a weak ߚ emitter with a half-life of 5730 
years.  Such a half-life will ensure stability of the tracer over the lifetime of the sequestration site.  As with 13CO2, 
one of the advantages of using 14CO2 is its ability to mimic the injected CO2 upon leakage [29-30].  With background 
levels around 1 ppt, 14CO2 has the lowest natural abundance of the naturally occurring carbon isotopes [31].  In 
addition to low ambient background levels, the injected CO2 will contain very little if any 14CO2 because any 14C in 
the source coal will have decayed long ago.  This feature of the injected CO2 would also allow 14CO2 to be used as a 
natural tracer as well as an injected tracer.  In the natural-tracer application, one could assay for an anomalous 
decrease in near-surface 14CO2 levels as this would potentially be indicative of carbon leaked from the sequestration 
site.  As an injected tracer, 14CO2 would be used to increase the concentration beyond ambient levels.  Detection of 
increasing 14C levels near the surface would thus be indicative of leakage.  The 14CO2 background levels are also 
subject to environmental fluctuations similar to those of other forms of CO2.  The only known use of 14CO2 as an 
injected tracer is at the CarbFix project in Iceland, where 14C -labeled HCO3- is mixed into the aqueous CO2 solution 
being injected into a basalt formation [12].  The injected CO2 reacts rapidly (<1 year) to precipitate carbonate 
minerals [32].  The 14C thus serves as a reactive tracer and changes in the 14C content of aqueous and solid phases 
are contrasted with changes in the concentrations of two non-reactive tracers to facilitate understanding of the 
relative importance of the hydrologic and geochemical processes involved.   
The 14CO2 can be sampled directly from collected gas or by pre-concentration through partition onto a solid or 
into a liquid phase.  One of the most prominent methods for analysis of 14CO2 is accelerator mass spectrometry 
(AMS).  AMS offers detection limits for 14C/12C ratios of 10-15 which is three orders of magnitude lower than 
ambient levels.  AMS can only be conducted at specialized facilities and will require that all samples be sent away 
for analysis.  A typical such site (Center for Applied Isotope Studies, Athens, GA) charges a few hundred dollars per 
sample with turnaround times of 1-4 weeks.  While AMS will be able to provide the smallest detection limits, it is 
not very cost- or time-effective if large numbers of samples are to be analyzed.  To provide faster results, sample 
preparation processes are becoming automated to allow higher throughput [33].  Another possible method for 
detecting radioisotopes including 14CO2 is liquid scintillation counting (LSC).  LSC would be more readily deployed 
near the sequestration site, would require some moderate sample preparation, but would only have a detection limit 
in the ppt range which is very near background ambient levels [29].   
Recent spectroscopic approaches are attempting to compete with AMS for precision, accuracy, and limit of 
detection, with the objective of providing rapid results using field deployable instrumentation at a lower per sample 
cost, excluding the initial cost of the instrumentation [31]. One of these methods, intracavity optogalvanic 
spectroscopy, initially reported detection limits of about 1 pmol for 14C, which translates to an isotopic ratio of 
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14C/12C near 10-15 [31,34].  A recent publication however indicates that Murnick’s limit of detection was 
overestimated by at least two orders of magnitude [35]. These methods are able to use less sample, and obtain results 
within a couple orders of magnitude of the AMS result without the sample being destroyed upon analysis thereby 
allowing the samples to be recycled and reanalyzed. An alternative laser-spectroscopic method is saturated-
absorption cavity ringdown (SCAR) spectroscopy. This method reports a limit of detection within 1 order of 
magnitude of the AMS results and an analysis time of 1 hour [36].  The optogalvanic and SCAR spectroscopic 
instrumentation would be able to be placed in a lab near the sequestration site to allow for more rapid processing of 
samples.  For even faster turnaround, and eventually near-real-time detection, a field-deployable optogalvanic 
spectroscopy system is under development [6].  Although the spectroscopic instruments do not currently have the 
reproducibility or reliability that AMS does, they provide results significantly faster and with competitive limits of 
detection. 
Although 14CO2 is a radioactive compound, the low background and low detection limits would require only 
small quantities of tracer to be added annually.  Nonetheless, the use of radiological tracers raises health and safety 
concerns including the hazards perceived by the general public.  Murnick [34] indicates that a person is allowed to 
inhale up to 200 mCi per annum.  At the FutureGen 2.0 storage site, if 14CO2 is co-injected with the sequestered CO2 
at double ambient levels, a total of 1000-1200 mCi would be needed annually. This means that a person would be 
allowed to inhale an estimated 20% of the tracer needed annually.  If there is a large quantity of the 14CO2 released, it 
would most likely diffuse to safe levels by the time anyone would be inhaling the gas.  It would also be necessary to 
allay public concern by educating concerned parties on how the low levels of the tracer compare to other radioactive 
doses commonly encountered in the general population.  Accidental release of the tracer during storage of the tracer 
or process prior to co-injection is more of a safety concern and proper EH&S procedures would need to be in place 
to ensure the safety of personnel and avoid site contamination.  If 14CO2 is chosen, testing must occur at every 
sampling point whenever a sample is taken throughout the project to ensure that there is not any radioactive 
contamination. This additional monitoring for the contamination will consume a large amount of time and money 
over the lifetime of the project.   
5. Evaluation of Monitoring Approaches 
5.1. Sensitivity 
Of the intrinsic-signal measurements, simple analysis for CO2 levels is insensitive to leak identification due to the 
large ambient background levels and variability in those levels.  Analytical sensitivity on the order of 0.1% relative 
is attainable for 14C/12C ratios, which may prove useful as part of a trend analysis and in helping to establish 
provenance of a CO2 signal during assessment-stage monitoring.  Analytical sensitivity for noble gases is on the 
order of ppbv, except for 222Rn, for which the exceptional sensitivity of 70 parts per sextillion is attainable (Table 1).  
Due to its short half-life of 3.8 days, however, this analytical sensitivity to 222Rn is of marginal value when transport 
times from a leakage location to the surface are on the order of months to years. 
As implemented at the Weyburn site [20], metabolic mass balance monitoring is not a particularly sensitive 
technique for detecting whether a leak is occurring or not.  From these field data, it can be seen that the difference in 
a 1% CO2 level resulting from leakage as compared to a 1% level due to metabolic processes is probably not 
statistically significant; if soil-gas concentrations exceed about 3% then it seems likely that leakage could be 
identified.  Some of this lack of sensitivity stems from measurement of CO2, O2, and N2 by different techniques on 
separate samples.  However, the recent development of portable off-axis integrated cavity output laser spectrometers 
has allowed rapid, nondestructive, and robust analysis of CO2, CH4, and O2 in the field at a sensitivity of 0.1% or 
better of typical ambient concentrations on the same gas sample (Los Gatos Research datasheet, www.lgrinc.com ).  
Although not yet implemented in a field environment, this approach may eliminate much of the noise seen in the 
Weyburn data and improve detection sensitivity by an order of magnitude or better.  Despite the relative 
insensitivity to initial leak detection, the metabolic mass balance approach is extremely useful in establishing the 
source of a CO2 signal during the assessment stage of monitoring. 
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Table 1.  Comparison of cost and performance for intrinsic-signal and co-injected-tracer monitoring approaches. 
Intrinsic signal or co-injected 
tracer 
Annual tracer 
cost ($US) 
Qualitative 
sampling cost 
Qualitative 
analysis cost 
Atmospheric 
background 
Detection limit Size of leak 
measured 
14CO2 0 (Intrinsic) High (AMS) High (AMS) 1 ppt 10-15 14C/12C Large 
4He, 21Ne 0 (Intrinsic) Low Moderate 5-15 ppm 1-10 ppb Medium 
222Rn 0 (Intrinsic) Low Low 10-21 7x10-20 Large 
Metabolic mass balance 0 (Intrinsic) Low Low 1-80% ppb/ppm Large 
SF6 23,200 Low Moderate 7 ppt 0.6 ppt Medium 
13CO2 57,000,000 Low Moderate 4 ppm 10 ppb 13C/12C Large 
Kr 11,900,000 Moderate Moderate 1 ppm 10 ppb Medium 
Ar 27,300,000 Moderate Moderate 9,300 ppm 15 ppb Medium 
PFT 250 Low Moderate 10 ppq 1 ppq Small 
14CO2 65,000 High (AMS) High (AMS) 1 ppt 10-15 14C/12C Large 
 
Of the co-injected tracers, PFTs afford the greatest sensitivity because of a combination of extremely low 
detection limits and atmospheric background levels.  Utilizing pre-concentration onto sorbents and a GC-ECD for 
analysis, the sensitivity and detection limit is better than any other method or tracer considered in this evaluation.  
Sulfur hexafluoride also uses GC-ECD methodology for analysis but detection limits are significantly higher than 
for PFTs.  Additionally, the background levels for SF6 are many orders of magnitude higher than for PFTs.  Noble 
gases including their distinctive isotopes principally use GC-MS for quantitation which with standard approaches 
will have higher detection limits than GC-ECD.  The combination of background levels and lower detection limits 
mean that the sensitivity for noble gas tracers is generally poorer than for SF6.  Isotopically labeled CO2 tracers have 
variable sensitivity.  The stable 13CO2 tracer has a relatively high background level and is subject to large 
fluctuations due to metabolic, atmospheric, and subsurface processes.  This results in a lower tracer sensitivity than 
for several of the other possible tracers.  The radiocarbon tracer 14CO2 has relatively low background levels and low 
detection limits but a substantial amount would need to be injected annually to allow for detection of low level leaks 
and those with large cross-sections.  Therefore the sensitivity of this tracer is very good but not quite as good as 
PFTs.   
5.2. Applicable Range 
The applicable range is the range of leakage rates that the monitoring approach is well suited to detect.  The 
United States DOE sets the goal for leakage from CCS sites to less than 0.01% per year of the total CO2 stored over 
a 100 year project lifetime [28].  With co-injected tracers, our analysis has assumed enough tracer would be added to 
achieve the sensitivity goal set by the DOE.  With intrinsic signals, on the other hand, the applicable range depends 
on the particular site characteristics and is likely to be suitable only for large leak events.  Thus, the metabolic mass 
balance monitoring system may serve as an inexpensive method to support evidence of larger volume leaks that 
should also be readily detected via early leak-detection monitoring in ACZ wells [3].  We speculate that this method 
is capable of detecting a leak as small as a few percent provided the leak cross-section is sufficiently small.  Leaks 
of a few percent with large cross-section are likely not to be detected by this method.  However, the ease of 
sampling and modest cost would allow for sampling at relatively high spatial resolution and frequency.  Anomalous 
levels at a spatially localized area might aid in determining the source of the leak in the geologic feature when 
combined with other measurements. 
5.3. Cost 
A qualitative cost-performance ratio will measure how much each monitoring approach costs compared to its 
effectiveness at detecting the smallest possible classes of leaks.  When estimating costs, several factors need to be 
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considered.  These factors include the annual cost of tracer and the costs associated with storage, handling, hazard 
monitoring, and injection of the tracer.  Similarly, the number of samples analyzed, the costs associated with 
sampling and sample preparation, the total cost of analysis -- amortized over the project duration -- and the costs of 
instrument maintenance all should be considered.   
A qualitative summary of the factors associated with cost-performance ratios for the soil-gas monitoring 
approaches described here are listed in Table 1.  The most inexpensive option examined was the metabolic mass 
balance monitoring method.  Associated costs include the purchase of instrumentation and sampling equipment as 
well as maintenance but other costs associated with monitoring are low.  This option is also the least sensitive 
leading to an only moderate cost-performance ratio.  For the co-injected tracer approach, PFTs are a fairly 
inexpensive option as well.  We estimate the annual cost of tracer to be currently a few hundred dollars due to the 
small quantities that are required.  There would also be capital and operational costs associated with construction 
and maintenance of the tracer injection systems.  Sampling requires sorbent tubes and either dynamic or static 
samplers.  Samples must be analyzed in a lab-based instrument incurring a per-sample analysis cost or initial 
purchase of an instrument with certified staff to perform the analysis.  The instrumentation and maintenance for 
PFTs, as well as SF6, are more costly than for metabolic mass balancing.  PFTs are also going to be the most 
sensitive option.  Given these factors, PFT tracer-based monitoring has the lowest cost-performance ratio of the 
tracer approaches considered.  Annual cost for use of SF6 as a tracer will be significantly more than PFTs because of 
the larger quantity needed for detection - due principally to the higher background levels.  The instrumentation is the 
same for SF6 and the PFTs so the performance difference lies in the sensitivity.  Sulfur hexafluoride is less sensitive 
and more expensive than PFTs resulting in a moderate level cost-performance ratio.  The use of isotopically labeled 
tracers will also be more expensive, in some cases by significant amounts, and less sensitive than PFTs - although 
the sensitivity for 14CO2 when analyzed by accelerator mass spectrometry (AMS) approaches that of PFTs.  Analysis 
of isotopic ratios by AMS has a per-sample cost which is currently several hundred dollars and sampling and pre-
concentration may be necessary.  Analysis of isotopes by GC-MS would have similar but perhaps smaller per-
sample cost.  If many samples are analyzed then purchase of dedicated instrumentation might be more cost-
effective.  In general the use of isotopes involves a higher cost and a high to only moderate sensitivity.  This results 
in cost-performance ratios that are moderate to high.  Use of co-injected noble gas tracers is extremely expensive.  
The price for sufficient quantities of these tracers results in a cost-performance ratio that is prohibitively high. 
5.4. Immediacy 
The immediacy of analytical results is important for selection of a soil-gas monitoring approach.  If leakage is 
occurring, the sooner the leak can be detected, the sooner the problem can be mitigated.  Metabolic-mass-balance 
and 222Rn monitoring will provide the most immediate results.  This is because it is possible to collect continuous 
data while still in the field using field-deployed instruments - although special installations would be needed in order 
to take measurements during the winter months.  Significant leaks could be detected in this manner very readily with 
automated systems in the field.  Isotopically labeled tracers will also provide moderately fast analysis times as long 
as AMS is not required.  For the laser-spectroscopic based techniques for determining isotopic ratios, field ready 
analyzers are currently being developed and tested.  If field deployable analyzers are not available, the samples will 
need to be sent to a lab for analysis.  It is likely that analytical results for isotopic ratios not utilizing AMS can be 
determined within 24 hours to maybe a few days depending on shipping time to the analytical lab.  If AMS is 
utilized, it can take several weeks for results to become available.  One lab we researched has typical 2-4 week turn-
around times or 1 week-expedited service available at higher sample cost.  In general, immediacy for analysis of SF6 
and the PFT tracers will be comparable to that of the isotopic tracers.  The GC-ECD analysis method requires lab-
based instrumentation. The immediacy will again depend on transport time to the analytical lab.  We estimate that 
typical results may be provided within 24 hours or up to a few days depending on the proximity of the lab to the 
injection site.  Automated GC-ECD analysis in the field can also be performed with additional installation and 
maintenance costs and yield immediate results on the order of less than an hour although ususally at the cost of some 
sensitivity. 
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5.5. Robustness 
An approach is robust if it is subject to low variability and is resistant to broad changes in environment, handling, 
and application.  Tracers are robust if they have high stability and if the background levels are subject to minimal 
fluctuations.   
As implemented at the Weyburn injection site [20], the instrumentation used for metabolic-mass-balance analysis 
is rugged but involves multiple systems each subject to variability and requiring independent calibration.  This 
approach is also subject to wide diurnal and seasonal fluctuations as well as to environmental and positional 
variation and thus likely has the highest variability of the approaches considered here.  Furthermore it is likely that it 
will not be possible to collect some types of data during the winter months in central Illinois.  However, with the 
arrival of portable off-axis integrated cavity output laser spectrometry, much of this variability could be eliminated 
due to analysis of all gases on a single soil-gas sample.   
For the PFT tracers, dynamic or static sampling with sorbent tubes results in some variability due to sampling 
conditions and environmental differences between samples during transport to the analytical lab.  The GC-ECD 
method is robust and highly reproducible.  With their low background levels, the PFTs will only produce significant 
levels above the background if migration from the subsurface is occurring thus minimizing the occurrence of false 
positives, although the potential for false positives associated with tracer injection operations and in-reservoir 
monitoring well sampling does exist.   Some variability may occur with use of PFTs due to differential interactions 
with subsurface features as they migrate towards the surface.  These interactions may vary spatially due to structural 
and environmental differences.  PFTs have been found to be stable to the conditions of injection.   
Sulfur hexafluoride will be similar in robustness to the PFT tracer-based approach.  However, with the 
significantly higher background level compared to the PFTs, it will be harder to detect leakage above ambient levels 
and the low signal-to-noise will increase the variability of the results.   
The noble gases are inert and therefore will not be lost throughout the subsurface and are likely to be less subject 
to differential interactions in the subsurface as compared to PFTs.  The high ambient levels of the noble gases within 
the atmosphere will result in lower signal-to-noise and an increase in the variability of results.  Quantitation by GC-
MS is more subject to instrumental conditions and instrumental variability than GC-ECD.  AMS approaches are 
highly reproducible but sample preparation introduces variability to some degree.  Laser spectroscopic methods for 
radiocarbon isotope analysis do not have well established estimates of their ruggedness but initial reports [6] 
indicate that the variability may be significant. 
5.6. Mimicry 
In some respects, mimicry is the most important of the criteria.  Clearly, mimicry is complete when direct 
measurements of CO2 are made as, for example, in the metabolic mass balance approach.  To the extent that the 
measured signal deviates from chemical similarity with CO2 (e.g., the use of tracers having somewhat different 
transport properties), the degree of mimicry decreases. 
As CO2 and tracers migrate through the subsurface they will potentially undergo multiple phase transfer 
processes.  Upon injection the CO2 stream will exist as a supercritical fluid with the tracer(s) dissolved therein.  
Initially CO2 will partially dissolve into the aqueous brine solution of the Mt. Simon sandstone formation, and it will 
continue this dissolution process along the leading edge as the CO2 plume develops.  If there is an unforeseen release 
of CO2 from the injection zone that migrates to shallower depth intervals where pressures are lower, CO2 will 
interconvert into normal, as opposed to supercritical fluid, liquid phases or the gas phase.  These fluids can be 
contained in the pores of the formation and will percolate through them.  As the CO2 migrates to the surface during 
leakage processes, it will encounter a variety of pressure and temperature gradients as well as a variety of geologic 
formations -- some containing aqueous phases.  The CO2 may experience differential mobility as it undergoes these 
phase-transfer processes.  Additionally, the CO2 may become adsorbed onto the solid matrix of the various geologic 
strata encountered.  An ideal tracer would need to mimic these phase transfer steps or else differential migration 
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rates will occur and the CO2 and tracer will separate as they move upwards through the subsurface in a manner that 
is analogous to column chromatography.  This would again result in the tracer lagging or leading the leaked CO2.   
The equilibrium tendency of a gas to dissolve into the aqueous phase is described by its Henry’s Law constant, 
with higher constants indicating that a greater fraction of the gas remains in the aqueous phase.  Published values of 
the Henry’s Law constants for representative gases at room temperature are given in Table 2. 
Carbon dioxide and co-eluting tracers will interact with various aqueous phases in the subsurface including the 
brine phase in the Mt. Simon sandstone.  Additionally, the injected CO2 will exist as a supercritical fluid phase in 
which tracers may have variable solubility.  As the CO2 and tracers migrate through the subsurface during leakage, 
they will dissolve to greater or lesser extents in the various fluid phases present.  Carbon dioxide is reasonably 
soluble in water and can further ionize to form bicarbonates and carbonates.  The ionic strength of the brine will 
further stabilize the formation of bicarbonate from aqueous CO2.  Table 2 provides values of Henry’s law constants 
for CO2 and a variety of tracer-related candidates in water at 298 K.  Larger values are indicative of greater 
solubility at a given pressure.  Any significant differences in solubility between CO2 and the tracers will result in 
differential migration rates through the liquid phases – principally aqueous - which could result in the tracer leading 
or lagging any leaked CO2.  Many of the tracers considered above, except for the CO2 isotopomers, will have more 
limited solubility in aqueous phases. 
Limited work has been done to compare the adsorptive properties of gas-phase tracers on geologic media.  Zhong 
et al. [11] conducted a laboratory column study in which they compared transport of several PFTs with SF6 and 
13CO2 in two unsaturated sediments and a sand at different moisture contents.  They found that in moist media the 
PFTs and SF6 behaved similarly and could be considered conservative tracers.  As the media dried, however, the 
higher molecular weight PFTs lagged SF6 slightly, and in extremely dry sediments containing large quantities of 
smectite clay minerals, no breakthrough of PFTs was seen.  The transport of CO2 was essentially the inverse of these 
results.  In dry media, CO2 transported at essentially the same rate as SF6, but when moisture was present, absorption 
of CO2 into the water films slowed its progress through the medium.   
These results highlight the question of how well gas-phase tracers mimic the transport of CO2 through geologic 
media and suggest that in most instances (i.e., in moist sediments) the hydrophobic tracers would be transported at a 
more rapid rate through the sediments and thus provide an early warning of any leak.  This assessment is supported 
by earlier work with PFTs [10,38] but, as noted by Myers et al. [23], using gas-phase tracer data to accurately infer 
the size of a leak would require a significant characterization and modeling effort. 
Table 2.  Mean reported Henry’s Law constants at 298.16K (KHΘ) for selected gases calculated 
from “measured” and “literature review” references compiled by Sander [37].  Larger values 
indicate greater solubility in water.  The number of references (n) contributing to each mean is 
also given. 
Gas KHΘ (mol m-3 Pa-1) 
x 106 
n 
SF6 2.4 1 
Octafluorocyclobutane (C4F8); a type of PFT 2.5 1 
He 3.7 2 
Ne 4.4 2 
CH4 13 3 
Ar 14 2 
Kr 24 2 
Xe 42 2 
Rn 92 1 
CO2 340 6 
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Under ideal circumstances, the signal (whether intrinsic or co-injected tracer) would migrate through the 
subsurface at the same rate as the injected CO2 but provide significant improvements in sensitivity as well as 
elimination of ambiguity with respect to source.  However, significant value would be attached to the situation 
where the signal or tracer reaches the surface significantly before the plume, thus providing an early warning that 
leakage is occurring.  It is also possible in this case that the CO2 plume might never make it to the surface or that the 
leakage rate might be significantly overestimated.  Failure of the tracer to travel at least as fast as the CO2 plume is 
unacceptable as a leak would not be detected until a significant amount of the injected CO2 had already escaped into 
the atmosphere.   
The best co-injected tracers in terms of mimicry will be isotopically labeled CO2.  These will serve as a near-
perfect mimic of the injected CO2 as it migrates to the near-surface environment following a leakage event.  
Although noble gases, SF6-based compounds and PFTs are stable they may interact with different components of the 
subsurface matrix -- particularly with coal seams -- and be significantly retarded.  Recent preliminary results from 
experiments conducted at PNNL indicate that the distribution coefficient for PFTs in coal is significantly different 
from CO2.  In such a situation, differential migration can occur -- with the subsurface matrix functioning in a 
manner analogous to the packing in a chromatography column.  To ascertain the degree to which this may occur, it 
is necessary to experimentally determine the effective partition coefficients of each component with the various 
surfaces encountered and model the sum effect of these interactions upon plume migration to the surface.  We 
anticipate that the carbon isotopes will provide optimal mimicry, with the lighter noble gases also likely to migrate 
ahead of the CO2 plume.  Due to the presence of at least one coal seam in the geologic strata between the injection 
zone and the surface, it is difficult to say whether PFT- and SF6-based tracers would precede or lag behind the CO2 
plume and this seriously constrains their usefulness for the FutureGen 2.0 project. 
6. Monitoring Technology Selection 
6.1. Aqueous-Phase 
An evaluation of the intrinsic and tracer-based monitoring approaches indicates that the intrinsic approach will 
provide the required sensitivity to support a viable early leak-detection capability in the aqueous phase.  Aside from 
unambiguous identification of the source of a leak, little additional information for assessment purposes would be 
gained from the co-injection of aqueous tracers.  Tracers are generally used to interrogate the subsurface during site 
characterization activities or as a means of tracking injectate migration when the signal provided by the injection 
solution is difficult to detect.  For the case of commercial-scale supercritical CO2 injection, identifying first arrival 
of the injectate should not represent a significant technical challenge.  In addition, there are limitations associated 
with the use of co-injected aqueous tracers that need to be considered.  From a brine-migration perspective, an 
aqueous tracer would be most useful if it were added to the injection zone prior to the start of CO2 injection so that it 
was present within the reservoir prior to the start of CO2 injection, otherwise the incremental improvement in early-
leak-detection capability would be relatively small.  From a CO2 release detection perspective, uncertainties in the 
relative transport properties of the aqueous tracers and CO2 would need to be considered.  Should unambiguous 
identification of the CO2 source become the primary criterion, then either of the types of hydrophilic tracers 
discussed (sulfonated naphthalenes or fluorinated benzoic acids) would suffice for pre- or co-injection. 
6.2. Gaseous-Phase 
After evaluating and comparing the gas-phase monitoring approaches against multiple criteria, it is possible to 
make some conditional recommendations.  Supporting these recommendations is the assumption that, due to limited 
spatial sampling, the primary value of geochemical monitoring is in assessment of the properties of a leak rather 
than in the initial detection of that leak.  Thus, analytical sensitivity is of secondary value, and relatively insensitive 
methodologies, such as metabolic mass balance and isotopic dilution, are capable of providing the needed 
information. 
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With these assumptions in mind, we recommend that monitoring of intrinsic gas-phase signals be implemented 
rather than co-injected gas-phase tracers.  Reasons for this include concerns about different transport behavior of co-
injected tracers in the subsurface relative to CO2, loss of sensitivity near the well-bore due to inadvertent spillage 
during operations (as has been observed on some pilot-scale projects), the potential for false near-surface positives 
associated with in-reservoir monitoring well sampling activities, and the overall cost associated with the 
infrastructure required for co-injection of tracers.   
One can envision a situation in which unambiguous identification of the injected CO2 becomes the primary 
criterion and, as a result, many of the limiting issues associated with co-injected gas tracers become relatively less 
important.  For this situation, a recommendation for a co-injected gas-phase tracer is in order.  From a purely 
technical perspective, the ideal co-injected tracer is 14CO2, which mimics CO2 perfectly, has a low natural 
background, and a global warming potential (GWP) of 1.  Despite its use in at least one other sequestration project 
[12], operational and public-relations concerns stemming from its radioactivity, however slight, eliminate it from 
further consideration as a co-injected tracer.  Co-injection of stable 13CO2, is eliminated due to its high natural 
background and resulting lack of analytical sensitivity.  Isotopes of the various noble gases (Ne, Ar, Kr, Xe) are also 
eliminated primarily due to cost and availability considerations.  Sulfur hexafluoride, in addition to being the most 
powerful greenhouse gas known (100-year GWP = 23,900), has a relatively high background that limits its 
sensitivity, and so it too is eliminated.  The PFTs are powerful greenhouse gases (100-year GWPs > 7500) that do 
not mimic CO2 transport well due to extremely low aqueous solubilities.  However, they have extremely low 
atmospheric backgrounds, high cost/performance ratios, and an extensive track record in pilot-scale sequestration 
projects.  Although their potential to be used on a large scale (i.e., by every CO2 storage project) would likely lead to 
a decrease in their utility due to inadvertent leaks and consequent increases in atmospheric background, we 
nevertheless identify PFT compounds as the best potential co-injected gaseous tracers for the FutureGen 2.0 project, 
should their use become necessary.   
7. Summary of Approach 
As discussed previously, monitoring can be divided into two distinct modes.  The first is “detection” mode, which 
focuses on detecting a leak at the earliest possible opportunity.  Due to its larger areal extent of detectability, this 
mode will most likely be primarily informed by changes in fluid pressure, although localized changes in aqueous 
geochemistry might also be detected.  If a leak is detected, this would trigger a secondary “assessment” mode of 
monitoring wherein the focus would be on quantifying the rate and extent of the leak.  This mode would continue to 
be informed by pressure data, but characterization of changes in aqueous geochemistry within the early leak-
detection monitoring interval would likely play an increased role in the assessment. 
Leaks can be classified according to the rate at which CO2 is escaping the injection zone and migrating to 
shallower monitoring intervals.  Additionally, leaks will vary according to their cross-sectional area.  Low leakage 
rates with large leak cross-sections will be the most challenging to detect.  However, given the current conceptual 
understanding of the FutureGen 2.0 storage site hydrogeology, this type of diffuse leakage is not expected.  The most 
likely leakage scenario would be point-source leakage associated with locations within the region of highest pressure 
buildup where the primary confining zone has been somehow compromised.  One potential source of increased 
leakage potential is associated with project-installed wells that penetrate the primary confining zone.  Other potential 
sources include previously abandoned wells, tectonic structures, faults, and fracture zones; however, based on 
surveys of available information and site characterization activities conducted to date, there is no indication that 
these types of features exist in the vicinity of the FutureGen 2.0 storage site and thus, project-installed wells 
represent the most probable source of leakage potential.  As such, early leak-detection monitoring will be focused on 
regions of highest pressure buildup where project-installed wells penetrate the primary confining zone. 
Based on the evaluation of aqueous- and gas-phase monitoring considerations discussed above, the geochemical 
monitoring program will initially rely on intrinsic and CO2-related aqueous geochemical signals as the primary 
geochemical indicators of leakage response.  Selection of the initial parameter list (Table 3) was based on relevance 
for detecting the presence of fugitive brine and CO2.  The relative benefit (and cost) of each analytical measurement 
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will be evaluated throughout the construction and initial injection testing phase of the project to identify the analytes 
best suited to meeting project monitoring objectives under site-specific conditions.  If some analytical measurements 
are shown to be of limited use and/or are cost prohibitive relative to regulatory required parameters, they will be 
removed from the analyte list and not carried forward through the operational phases of the project.  This selection 
process will consider the uniqueness and signature strength of each potential analyte and whether their 
characteristics provide for a high-value leak-detection capability.   
The introduction of co-injected tracers will also be considered.  An updated version of the upper layer transport 
model that incorporates site-specific characterization data and baseline-monitoring results will be used to assess 
early leak-detection capabilities over a range of leakage scenarios.  If future assessment indicates that intrinsic and/or  
Table 3.  Aqueous sampling requirements for target geochemical parameters for FutureGen 2.0 
Parameter Volume/Container Preservation 
Holding 
Time 
Major Cations: Al, Ba, Ca, Fe, K, Mg, Mn, Na, 
Si, 
20-mL plastic vial Filtered (0.45 μm), HNO3 to pH <2 60 days 
Trace Metals: Sb, As, Cd, Cr, Cu, Pb, Se, Tl 20-mL plastic vial Filtered (0.45 μm), HNO3 to pH <2 60 days 
Cyanide (CN-) 250-mL plastic vial NaOH to pH > 12, 0.6 g ascorbic acid cool 4°C,  14 days 
Mercury 250-mL plastic vial Filtered (0.45 μm), HNO3 to pH <2 28 days 
Anions: Cl-, Br-, F-, SO4
2-, NO3
- 125-mL plastic vial Filtered (0.45 μm), cool 4°C 45 days 
Total and Bicarbonate Alkalinity (as CaCO32-) 100-mL HDPE Filtered (0.45 μm), cool 4°C 14 days 
Gravimetric Total Dissolved Solids (TDS) 250-mL plastic vial Filtered (0.45 μm), no preservation, cool 4°C 7 days 
Water Density 100-mL plastic vial No preservation, cool 4°C  
Total Inorganic Carbon (TIC) 250-mL plastic vial H2SO4 to pH <2, cool 4°C 28 days 
Dissolved Inorganic Carbon (DIC) 250-mL plastic vial Filtered (0.45 μm), H2SO4 to pH <2, cool 4°C 28 days 
Total Organic Carbon (TOC) 250-mL amber glass Unfiltered, H2SO4 to pH <2, cool 4°C 28 days 
Dissolved Organic Carbon (DOC) 125-mL plastic vial Filtered (0.45 μm), H2SO4 to pH <2, cool 4°C 28 days 
Volatile Organic Analysis (VOA) Bottle set 1: 3-40-mL sterile 
clear glass vials 
Bottle set 2: 3-40-mL sterile 
amber glass vials  
Zero headspace, cool <6 °C, clear glass vials 
will be UV-irradiated for additional sterilization 
7 days 
Methane Bottle set 1: 3-40-mL sterile 
clear glass vials 
Bottle set 2: 3-40-mL sterile 
amber glass vials 
Zero headspace, cool <6 °C, clear glass vials 
(bottle set 1) will be UV-irradiated for 
additional sterilization 
7 days 
Stable Carbon Isotopes 13/12C (δ13C) of DIC in 
Water 
60-mL plastic or glass Filtered (0.45 μm), cool 4°C 14 days 
Radiocarbon 14C of DIC in Water 60-mL plastic or glass Filtered (0.45 μm), cool 4°C 14 days 
Hydrogen and Oxygen Isotopes  2/1H (δD) and 
18/16O (δ18O) of Water 
60-mL plastic or glass Filtered (0.45 μm), cool 4°C 45 days 
Carbon and Hydrogen Isotopes (14C, 13/12C, 2/1H) 
of Dissolved Methane in Water 
1-L dissolved gas bottle or 
flask 
Benzalkonium chloride capsule, cool 4°C 90 days 
Compositional Analysis of Dissolved Gas in 
Water (including N2, CO2, O2, Ar, H2, He, CH4, 
C2H6, C3H8, iC4H10, nC4H10, iC5H12, nC5H12, and 
C6+) 
1-L dissolved gas bottle or 
flask 
Benzalkonium chloride capsule, cool 4°C 90 days 
Radon (
222
Rn) 1.25-L PETE Pre-concentrate into 20-mL scintillation cocktail.  Maintain groundwater temperature 
prior to pre-concentration 
1 day 
pH Field parameter None  <1 hour 
Specific Conductance Field parameter None  <1 hour 
HDPE = high-density polyethylene; PETE = polyethylene terephthalate; UV = ultraviolet. 
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CO2-related geochemical signatures are unlikely to provide an acceptable degree of sensitivity to leakage through the 
primary confining zone, then addition of co-injected tracers may be implemented.  
With respect to gas-phase monitoring, soil-gas composition (both geochemical and isotopic) and metabolic mass 
balance monitoring will be conducted to establish baseline conditions.  In the event that deep early-detection 
monitoring indicates that a significant loss of containment has occurred, the need for establishing a long-term soil-
gas monitoring program will be reevaluated. 
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